In cells of Rhodococcus opacus GM-14, GM-29, and 1CP, the contents of branched (10-methyl) fatty acids increased from 3% to 15 to 34% of the total fatty acids when the cells were grown on benzene, phenol, 4-chlorophenol, chlorobenzene, or toluene as the sole source of carbon and energy, in comparison with cells grown on fructose. In addition, the content of trans-hexadecenoic acid increased from 5% to 8 to 18% with phenol or chlorophenol as the carbon source. The 10-methyl branched fatty acid content of R. opacus GM-14 cells increased in a dose-related manner following exposure to phenol or toluene when toluene was not utilized as the growth substrate. The results suggest that 10-methyl branched fatty acids may participate in the adaptation of R. opacus to lipophilic aromatic compounds.
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Aromatic hydrophobic compounds are toxic to bacteria due to their high partition into the membrane (15, 16) . A change in the degree of saturation of cellular fatty acids is a well-known reaction of bacteria to the presence of membrane-active compounds (2, 8) . Another adaptation response is the isomerization of cis unsaturated fatty acids to the trans form, which has been described for several Pseudomonas strains (4, 5, 11, 20) .
The influence of organic solvents on the cellular fatty acid composition described above has been shown for gram-negative bacteria. The effect of aromatic compounds on the fatty acid composition of nocardioform bacteria, particularly those that are able to utilize high concentrations of such compounds, has not been studied intensively.
We studied the response of the cellular fatty acid composition of Rhodococcus strains to the presence of aromatic compounds.
Three bacterial strains were used in this study. Rhodococcus opacus GM-14 grew in mineral medium on benzene or chlorobenzene as the sole carbon and energy source when substrates were added in the liquid phase (21) . New isolate GM-29 was obtained from an enrichment culture with toluene as the sole carbon source. It grew in saturated aqueous solutions of toluene and benzene when the substrates were added at amounts of up to 7 g liter Ϫ1 . Strain 1CP, which degrades 4-chlorophenol and 2,4-dichlorophenol, was isolated by Gorlatov et al. (3) in 1994 and, based on phenotypic characteristics, was identified as R. erythropolis. As determined by 16S rRNA gene sequences strains GM-29 and 1CP belong to the species R. opacus. Data on 16S rRNA gene sequences are available from the EMBL database. The accession numbers are Y11892 and Y11893 for strains GM-29 and 1CP, respectively (14) .
Bacteria were cultivated in 1-liter flasks with 200 ml of mineral KSN medium (21) on a gyratory shaker at 28°C. Aromatic compounds were added directly to the culture medium. The cells were grown to early stationary phase, harvested by filtration (Supor-450; 0.2-m pore size), and washed twice with mineral medium. The fatty acids were isolated from 50 to 60 mg of wet cells by direct saponification. Fatty acid methyl esters (FAME) were analyzed by gas chromatography (GC)-mass spectrometry with an HP 6890A gas chromatograph equipped with an HP 5972A mass selective detector (HewlettPackard Co., Palo Alto, Calif.) and an HP-Ultra 2 cross-linked 5% phenyl methyl silicone capillary column (25 m by 0.2 mm; 0.33 m). The oven temperature was programmed with injection and a 1-min hold at 80°C, followed by an increase to 160°C at 60°C min Ϫ1 , a hold at 160°C for 28 min, and an increase at 5°C min Ϫ1 to 230°C. Individual FAME were identified by comparing their mass spectra with those in the Wiley 138K mass spectral database. The cis and trans isomers of hexadecenoic and octadecenoic acids were verified by comparison with the retention times of authentic standards from the Even Unsaturated Fatty Acid Methyl Esters Kit (Analabs, North Haven, Conn.). The fatty acid content of cells was calculated as the average of three independent cultivations; the standard deviation was less than 7%.
All three strains changed their fatty acid composition when grown on aromatic compounds as the sole sources of carbon and energy, in comparison to cells grown on fructose (Table 1) .
Hexadecanoic acid was the predominant saturated fatty acid, making up 30 to 32% of the total in fructose-grown cells and 20 to 27% of the total in cells grown on the aromatic substrates. The amounts of straight-chain saturated fatty acids in cells of GM-29, 1CP, and GM-14 grown on fructose ranged from 43 to 49% of the whole-cell fatty acids. Cells of strains GM-14 and GM-29 grown on benzene, chlorobenzene, or toluene, but not those grown on phenol or 4-chlorophenol, contained Ͼ60% straight-chain saturated fatty acids. In comparison with cells grown on fructose, those grown on the aromatic substrates had two-to threefold increased contents of odd-number carbon chain saturated fatty acids, mainly C 15:0 and C 17:0 .
The most dramatic growth substrate-dependent change was the 3-to 10-fold increase of the branched-chain (10-methyl) fatty acids in cells grown at the expense of benzene derivatives. In strain 1CP, the amount of 10-methyl branched fatty acids increased from 3.1% in cells grown on fructose to 24.8 or 34.3% in cells grown on KSN medium with phenol or 4-chlorophenol as the carbon source, respectively. In all strains, the increase in the amount of 10-methyl branched fatty acids was greatest for 10-methyl-octadecanoic acid, and it occurred at the expense of unsaturated rather than saturated fatty acids.
Cells of R. opacus GM-14, GM-29, and 1CP contained a significant amount (5%) of trans-hexadecenoic acid (16:1 7t). The content of the trans isomer was higher (8 to 18%) in cells of strains GM-14 and 1CP grown on phenol and 4-chlorophenol. Isomerization of the cis to the trans form as a response to exposure to toxic compounds has been described for Pseudomonas putida, which synthesizes fatty acids by the anaerobic pathway commonly utilized by gram-negative bacteria (4, 5, 11, 20) . Moreover, the occurrence of trans fatty acid isomers was reported for a few gram-negative genera and Bacillus cereus, which use the anaerobic and the aerobic routes for fatty acid biosynthesis (9, 12) .
The dynamic changes in strain GM-14 fatty acid composition in response to exposure to toxic aromatic compounds are shown as an example in Fig. 1 . The strain was grown in mineral medium containing fructose (1.0 g liter Ϫ1 ). Phenol or toluene was added in increasing concentrations to exponentially growing cultures (optical density at 540 nm [OD 540 ], Ϸ0.3). The cultures were then grown for two generations and harvested.
Strain GM-14 responded to increasing concentrations of phenol in the medium by replacing cis-unsaturated fatty acids with 10-methyl branched saturated fatty acids (Fig. 1A) . There was little change in the proportions of saturated straight-chain fatty acids at phenol concentrations permissive for cell growth. While growing on fructose, the cells also used phenol. However, when phenol was added to the medium at concentrations of 0.5 to 1.25 g liter Ϫ1 , the amount of phenol utilized by the cells remained constant at 0.3 to 0.4 g liter Ϫ1 . This was verified by GC analysis.
The effect of toluene on the fatty acid composition of R. opacus GM-14 is shown in Fig. 1B . We chose this strain for display because it was not able to metabolize toluene (21) and the fatty acid changes therefore should reflect the response to the toxicity of the solvent. The cellular fatty acid composition changed with toluene in the growth medium similarly as with phenol: a dose-related increase in the cellular content of 10-methyl fatty acids was observed.
In summary, our study showed major changes in the wholecell fatty acid compositions associated with the adaptation of R. opacus to the presence of aromatic solvents. Compared with cells grown in mineral medium on fructose, the cellular contents of 10-methyl branched fatty acids of the three R. opacus strains were 3-to 10-fold higher during growth on toxic aromatic compounds as sole carbon sources. Moreover, doserelated increases in the levels of cellular 10-methyl branched fatty acids were observed as a response to an increasing con- centration of phenol or toluene in the medium, independently of the ability to use toluene.
Pimelobacter sp. has been reported to increase the content of 10-methylheptanoic and 10-methyloctanoic acids while growing on pyridine as the sole carbon source (13) . An increase of cellular 10-methyl branched fatty acids was also observed as a response to an increased temperature in Mycobacterium phlei (18, 19) .
The physiological role of 10-methyl branched fatty acids that occur in bacteria belonging to the genera Nocardia, Gordona, Rhodococcus, Mycobacterium, Dietzia, and Tsukamurella is unresolved, and the localization of 10-methyl branched fatty acids in the lipids of Rhodococcus has not been described. Mycobacterial lipids have been studied intensively, and there is evidence that 10-methyl octadecanoic (tuberculostearic), palmitic, and stearic acids are located in cell envelope lipids, mainly lipoarabinomannan and ornithine-amide lipid (1, 7, 10, 17) . It is known that lipoarabinomannan is one of the major components of the cell envelope, and it traverses the cell wall of a mycobacterium. Moreover, tuberculostearic acid and palmitate are major acyl groups of the phosphatidylinositol moiety which anchors lipoarabinomannan to the cytoplasmic membrane (6, 7) . Based on this, we suggest that an increasing amount of lipoarabinomannan may be involved in the protection of actinomycete cells against disruption of the membrane-cell wall structure.
FIG. 1. Effects of different concentrations of phenol (A) and toluene (B) on the cellular fatty acid composition of R. opacus GM-14. Cells were grown in KSN medium containing fructose and various concentrations of phenol or toluene. Phenol or toluene added to an exponentially growing culture with an OD 540 of Ϸ0.3. The biomass was allowed to grow for two doublings of the OD 540 before harvesting. Symbols: s, unsaturated fatty acids; ᮀ, straight-chain saturated fatty acids; F, 10-methyl branched fatty acids.
